ABSTRACT A new method for rapidly constructing isobaric temperaturecomposition-mesomorph (T-C) diagrams is described. The method involves establishing a lyotrope concentration gradient in a liquid crystal lengthwise in an x-ray capillary tube. At a fixed temperature such a sample corresponds to an isotherm in the corresponding isobaric T-C diagram. The concentration gradient is conveniently established by bringing the two components into contact in the capillary and allowing limited diffusion of one component into the other. Phase boundaries are located and phases are identified and structurally characterized continuously along the length of the capillary using time-resolved x-ray diffraction. Repeating the measurement on the same sample at a series of temperatures in the range of interest completes that T-C diagram. The method has been used to construct the T-C diagram for detergent/water and lipid/ water binary and ternary systems in the 20-1200C range. They agree well with and extend the results obtained by conventional methods.
INTRODUCTION
A knowledge of the conditions governing lyotropic mesomorphism and phase stability requires an understanding of liquid crystal-liquid crystal and lyotrope (solvent)-liquid crystal interactions and how these depend on the underlying chemistry. Such information is conveniently and concisely summarized in an isobaric temperaturecomposition phase diagram. Of the many physical techniques available for phase diagram construction, x-ray diffraction is particularly powerful because it provides direct phase identification both in single-and multiplephase regions and facilitates the location of phase boundaries. However, data acquisition using conventional x-ray sources is laborious and time-consuming because of low photon flux. The advent of synchrotron x-radiation with its extreme brightness enables phase identification and structural characterization at unprecedented rates.
In seeking to take advantage of this rapid data output, a new method for temperature-composition-mesomorph (T-C) diagram construction was developed. The method utilizes time-resolved x-ray diffraction (TRXRD [1] [2] [3] [4] [5] [6] ) measurements on liquid crystal samples contained in capillaries and upon which a lyotrope concentration gradient has been imposed. The essential features of the method are illustrated in Fig. 1 for a binary lipid/water system. The lyotrope concentration gradient is established by bringing the two pure components into contact in the capillary and allowing limited diffusion of one component into the other until a gradient of sufficient length forms. At a fixed temperature, such a sample represents an isotherm in the corresponding T-C diagram with the different phases and phase boundaries localized at different points along the length of the capillary. Recording the two-dimensional diffraction pattern in live-time while the capillary is moved through the x-ray beam enables phase boundaries to be localized and individual phases to be identified on the basis of the pattern itself. Repeating this measurement at a series of fixed temperatures in the range of interest completes the T-C diagram. Because a continuous lyotrope concentration gradient is employed, there is no need for multiple samples of differing concentration, thereby greatly reducing data collection time. Furthermore, data to complete the phase diagram can be collected using just one sample. Since two-dimensional diffraction patterns are recorded, analysis problems that might arise due to preferential sample orientation are obviated.
The lyotropic gradient method was developed for use with biologically important lipids with water or aqueous salt solutions as the lyotrope. However, since the majority of lipids exhibit liquid crystalline mesomorphism and are lyotropic for the most part, the method finds general applicability in the broad domain of lyotropic liquid crystals. This encompasses such diverse materials as polymeric liquid crystals, detergents, fats, and oils. Naturally, the method can be used with a variety of lyotropes, although water ('H20 and 2H20) was used exclusively in this study. 
MATERIALS AND METHODS

Materials
X-Ray diffraction
The time-resolved x-ray diffraction method and apparatus has been previously described (5) . Briefly, focused, monochromatic (1.56 A) radiation on the Al line at the Cornell High Energy Synchrotron Source was used as the x-ray source with the storage ring operating at 5-5.5 GeV and 20-50 mA of electron beam current. This provided approximately 2-5 x 1010 photon/s through a 0.3-mm diam collimator. Essential components of the time-resolved system include a homemade low-angle x-ray diffraction camera, a two-dimensional live-time x-ray imaging device, a character generator interfaced to a digital volt meter (thermometer, linear potentiometer), an electronic clock and a video camera, recorder, and monitor (5) . Quantitative diffracted intensity and position information was obtained by digital processing of the live-time diffraction patterns recorded on video tape as previously described (5) . Calibration of the video system was effected by recording standard diffraction patterns using TRXRD and statically on x-ray sensitive film (Kodak DEF5). The x-ray capillary containing the lyotrope gradient sample was positioned in the x-ray beam by using a goniometer mount as depicted in Fig. 1 (7) is minimized in this case because the sample is continuously translated through the x-ray beam during measurement. In a single traverse at a translation speed of 0.3 mm/s total exposure at any point in the sample amounts to 1 s using a 0.3 mm collimator.
RESULTS AND DISCUSSION
To demonstrate the method, isobaric T-C diagrams for a detergent/water and a number of neutral lipid/water binary and ternary systems were constructed using the new lyotrope gradient technique. The lipids used include the following monoacylglycerides: monoolein (C 18: 1c9), monoelaidin (C 18:1 t9), monolinolein (Cl 8:2c9,12), monolinolenin (Cl 8:3c9,12,15), and monoerucin (C22: Ic13). The detergent is tetraoxyethylene glycol decyl 2,3-dihydroxypropyl ether (C1OE4G). The T-C diagrams are quite complex containing micellar, fluid isotropic (FI), normal or reversed hexagonal, lamellar/smectic liquid crystalline (La), and a variety of cubic-phase fields.
Where possible the data so obtained compared favorably and extended that available in the literature (8-12) with monoerucin as a notable exception. In this latter case Lutton (12) had demonstrated the presence of a FT and a lamellar phase field. In the present study extensive hexagonal and cubic phases, in addition to the lamellar and FT phase, were consistently observed. The origin of this disparate behavior is not immediately obvious.
The CIOE4G/water T-C diagram was constructed in the temperature range 25-700C (Fig. 2 H) In a lyotrope gradient system such as this the miscibility gap or coexistence region disappears. Coexistence in a binary T-C phase diagram represents a region where the coexisting phases are in equilibrium. Thus, the chemical potential of the common components is the same in the two phases, and the region of coexistence along an isotherm in a T-C phase diagram collapses to a single point along the corresponding lyotrope gradient isotherm. The plots in Fig. 2 indicate regions of coexistence because this is what was observed experimentally. However, since an x-ray beam with a diameter of 0.3 mm was used in these measurements, coexistence widths of this order could result from finite beam size effects.
The low-angle d-spacings of the various phases along the 260C isotherm in the monolinolein/H20 gradient are shown in Fig 2 I . While discrete locations on this isotherm were chosen for data acquisition, again it is emphasized that data were recorded and are available continuously along the length of the gradient. Phase boundaries are apparent as defined breaks or changes in slope in the d-spacing curves. Within single phase regions, d-spacing consistently rises toward the high water concentration end of the gradient as expected of a lyotropic liquid crystal. Interestingly, the scattering angle of the diffuse, lowangle FI peak decreases in this direction along the gradient. At phase boundaries, the relationship between unit cell dimensions of "coexisting" phases can be ascertained. Among other things this plot serves to illustrate the enormous information density of the lyotrope gradient method.
As noted above the lyotrope concentration gradient is established by bringing the two components into contact in the capillary and allowing limited diffusion of one into the other until a gradient of sufficient length is established. Since the various phases that develop at a fixed temperature depend on water concentration as dictated by the phase diagram, the movement of water into the lipid can be conveniently tracked using the TRXRD method. The progress curve for the hydration process occurring in monoolein was so determined by recording the diffraction pattern along the length of the capillary at various times after initial contact. The data in Fig. 3 demonstrate that at time zero and 280C, the lipid is entirely Fl (undercooled). As time elapses and water migrates into the lipid the relative amount of Fl decreases accompanied by the emergence and growth of the L, BCC12, and cubic-primitive (space group 4, Pn3m, Pn3[CP4]) phases. Since there is an excess of water available, the sample would eventually convert entirely to the CP4 phase (see Fig. 2 A) . What immediately emerges from the progress curve in Fig. 3 is that passive equilibration of the monoolein cubic phases with water is extraordinarily slow. As will be described elsewhere, a computer algorithm has been developed to determine the mutual diffusion coefficient for water in this contiguous series of monoolein mesomorphs. The algorithm searches for diffusion coefficients such that the position in time of the calculated and experimentally determined boundaries coincide. The diffusion coefficients are used in defining optimum conditions for the preparation of specific mesomorphs and phase sequences and provide insights into mesomorphic phase transition mechanisms and kinetics.
The present lyotrope gradient method has a number of optical counterparts wherein mesomophic data are collected using either polarized light microscopy (PLM [ 13, 14] ) or transmission interferometry (TI [10] ). In all cases, the means for establishing the lyotrope gradient relates back to the so-called penetration or contact technique (13) . This method involves flooding with water or a solution a dry specimen held between a microscope slide and a coverslip and following the lyotrope diffusion at a fixed temperature by PLM or TI. The various mesomorphs form and are recognized as concentric rings of defined textures or refractive index (and, occasionally, relative viscosity) around the specimen with the gradient extending from low to high lyotrope concentration in the direction away from the center of the specimen. In this way, the sequence of mesomorphs along the lyotrope gradient is determined at a fixed temperature. In an extension of the contact method Hakemi et al. (14) determined the diffusion coefficients of liquid crystal phase boundaries in surfactant solutions by following the space-time dependence of phase boundary lines.
The advantages of the new lyotrope gradient method of T-C diagram construction are many and varied. To begin with, it is an intuitively simple method wherein the sample, at a fixed temperature, corresponds to an isotherm in the corresponding phase diagram. The continuous nature of the method essentially eliminates the possibility of missing phase fields that exist over narrow ranges of lyotrope concentration. The manner in which the gradient is established in the course of these measurements lends itself nicely to a determination of lyotrope transport properties. Furthermore, the method is applicable to a wide range of lyotropic liquid crystalline materi- PodWUon along the capillary (mm) major shortcoming of the method is that lyotrope concentration along the gradient is not known and must be established by independent means. Ideally, such a measure should be made simultaneously with the collection of diffraction data. To this end, infrared and Raman micro techniques are being investigated. As a result of this shortcoming, the T-C plots in their present form must not be referred to as phase diagrams in the conventional sense. Finally, since the method relies on x-ray diffraction, liquid-liquid phase immiscibility regions are resolved with difficulty. In summary, a new approach-to-equilibrium method is described that combines a lyotrope gradient and TRXRD for isobaric T-C diagram construction at unprecedented rates. The method has been used to construct T-C diagrams for a number of water-containing binary and ternary liquid crystal systems that agree with and extend data obtained by other methods. Advantages of the new method include rapid data acquisition rates, direct phase identification, quantitation, and structural characterization continuously as a function of lyotrope concentration in single-phase regions. The method is nonperturbing, nondestructive, insensitive to orientation artifacts, and applicable to a range of lyotropic liquid crystals. However, the method does require access to a high-intensity, monochromatic x-ray source, to suitable data collection and analysis equipment, and to an independent determination of lyotrope concentration along the gradient.
